Abstract-This study presents test results of simply supported concrete beams longitudinally reinforced either by steel or glass fiber-reinforced polymer (GFRP). A total of sixteen large-scale concrete beams with steel stirrups were constructed and tested under four-point monotonic loading until failure. Half of the beams were longitudinally reinforced with GFRP bars, while the other half was reinforced with conventional steel bars as control specimens. To examine the shear behavior of the GFRP reinforced concrete (RC) beams, the main parameters investigated in the study included shear span-effective depth ratios, longitudinal reinforcement ratios and stirrup ratios. Two modes of failure, namely flexure and shear were observed. Due to low modulus elasticity of FRP bars, it was found that lesser shear strength resulted in concrete beams reinforced with GFRP bars compared to beams reinforced with steel bars. Moreover, the influence of the shear span-effective depth ratios and longitudinal reinforcement ratios significantly affect the distribution of internal forces in GFRP reinforced concrete beams. The test results correlated well with the prediction values provided by standard codes and design guidelines except in the case of GFRP reinforced concrete beams failed on shear.
I. INTRODUCTION
The use of fiber-reinforced polymer (FRP) as an alternative of reinforcing materials has become accepted in construction industry. Not like steel, properties of FRP reinforcement offers an outstanding performance for concrete that have high strength-to-weight ratios (10 to 15 times than steel), non-magnetic and provides excellent corrosion resistant which can lead to lower life-cycle costs [1] [2] . Commercially, FRP bars are available in different types of fiber including carbon (CFRP), aramid (AFRP) and glass (GFRP). Among these types of fiber, GRFP is the least expensive and the lowest tensile modulus of elasticity (typically 40 to 55 GPa) which possibly applied as non-prestressed reinforcement [3, 4] . Several investigations has been conducted to reveal that FRP bars can be used as alternative of reinforcing materials in concrete structures [5] [6] [7] [8] . However, due to brittle elastic failure and low modulus of elasticity of FRP, the performance of FRP RC beams R. Thamrin was with University Tun Hussein Onn Malaysia, Batu Pahat, Johor. He is now with the Faculty of Civil Engineering, University Andalas, Padang, Indonesia (e-mail: rendy@ft.unand.ac.id).
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become one of the main issues to overcome. Different mechanical properties between FRP and conventional steel bars may affect the shear carrying mechanism in concrete beams. More rapid deterioration in shear can be observed in concrete beams longitudinally reinforced by steel rather than those reinforced by FRP due to the reduction shear resistance offered by un-cracked concrete, V c [9, 10] . The shear resistance of FRP RC beams also influences by the size-effect and shear-span-to-depth ratios [10, 11] . The experimental results on the ratios of the reinforcement indicated that the beams provided with stirrups and multiple layers of flexural reinforcement is recommended in order to resist the weak bend area of FRP stirrup cages [12] . The similar response also observed in the case of GFRP RC beams without stirrups such that shear strength increases as the amount of longitudinal GFRP bars increases [13, 14] .
Furthermore, due to relatively high tensile strength of FRP reinforcements, some amount of tensile forces significantly distributed and expand to the support after the occurrence of diagonal shear cracks [15] . Hence, a careful anchorage design is needed in order to avoid bond failure. Meanwhile, the existing design codes and guidelines gave unconservative prediction of the shear strength of FRP RC beams which have low shear span-to-depth ratio (a/d) less than 2.5 and effective depth, d less than 300 mm [16, 17] . This may be attributed to the design formulas adopted from steel RC members with some modifications to account for the substantial of FRP reinforcements.
The main aim of the study is to investigate the influence of shear span-to-depth ratios (a/d) less and more than 2.5, longitudinal reinforcement ratios and stirrups spacing on the shear resistance of GFRP RC beams. All experimental results were compared with the calculated prediction design codes according to BS8110 [17] , ACI 318-08 [18] and ACI 440.1R-06 [19] .
II. EXPERIMENTAL PROGRAM

A. Material Properties
The beams were cast on the same day from the same ready-mix concrete batch with a compressive strength of 24 MPa on 28 days, with a maximum aggregate size of 20 mm. Conventional steel reinforcing bars as well as sand-coated GFRP V-Rods (Fig.1) were used as longitudinal reinforcement in concrete beams. Two types of beam were constructed and tested, steel RC beams (BSM) and GFRP RC beams (BGM). Both top and bottom longitudinal bars in the BSM beams consisted of 16 mm diameter of high strength steel bars, while GFRP reinforcing bars were used in the BGM beams and had the equivalent diameter as steel bars. All the beams were provided with 8 mm diameter closed rectangular steel stirrups (mild steel) spaced at 50 and 150 mm in the shear span zone as these two types of spacing were checked using BS8110 codes to provide the minimum and
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B. Test Specimens
A total of sixteen full-scale RC beams were constructed and tested monotonically up to failure. The beams were rectangular cross section with 200 mm wide and 400 mm deep as shown in Fig. 2 . To study the influence of shear span-effective depth ratio (a/d), two types of a/d ratios, 1.5 and 3.0, which is less and more than 2.5 respectively, were examined. In all cases, the sufficient concrete cover to the centroid of the reinforcement bars is 38 mm. The beams were designed according to available standard codes and design guidelines.
In the case of beams reinforced by conventional steel bars, two design codes of BS8110 [17] and ACI 318-08 [18] were referred. Since the designation of FRP RC beams are slightly differ from steel RC beams, the code provisions according to ACI 440.1R-06 [19] was used. As reported in Table 2 , two different reinforcement ratios of 0.6% and 0.8% were considered. The failure mode of BGM beams were predicted according to ACI 440.1R-06 by comparing the reinforcement ratios from equation (1) with the balanced reinforcement ratios using (2) that considering its design tensile strength as follows:
where,  1 = 0.85 if f c  28 MPa, f fu = tensile strength of FRP (MPa), E f = modulus elasticity of FRP (MPa) and  cu = ultimate strain in concrete. In this study, the design of FRP RC beams is totally to replace the used of longitudinal steel bars in concrete beams. Hence, similar beam dimensions and reinforcement areas were provided in both specimens BSM and BGM. While, the failure mode of specimens BSM are governs by steel yielding before the compressive strains in the concrete reached the maximum strain value of 0.0035 [20] .
C. Test Setup
The beams were tested monotonically under four point bending by means of 500 and 1000 kN hydraulic actuator. Each beam was loaded continuously to failure with each load increments approximately 5% from its theoretical ultimate load. A part of operation was manually controlled and some necessary adjustments were made to keep the load constantly during the test. The electrical-resistance strain gauges were used to measure tensile strains along reinforcing bars, stirrups and compressive area in concrete with a 5 mm long, 3 mm long and 60 mm long, respectively. Fig. 2 shows the strain gauge positions along the reinforcing bars and denoted as B1, B2 and B3. Whereas strain gauges denoted as SG were attached on selected stirrups. Concrete strain gauges were also bonded at the top compression surface at the mid-span and indicated as C. All the strain gauges were fully wrapped and waterproofed before casting. To measure the deflection of the beam, three linear variable displacement transducers (LVDTs) with a 50 mm stroke were placed at the mid-span and under the load positions. During the test, all crack formation and propagation on both sides of the beam surfaces were marked and labelled with the corresponding incremental loads.
III. TEST RESULTS AND DISCUSSION
The typical failure mode of the beam is illustrated in Fig. 3 , whereas Table 3 summarized the prediction and experimental results of all the tested beams. Beam failed on diagonal tension shear experienced formation of diagonal crack in the shear span zone followed by concrete crushing in the loading point zone (BGM-03), sudden formation of diagonal crack in the shear span zone followed by beam failure (BGM-04) or formation of diagonal crack growth gradually in the shear span zone followed by beam failure after yielding of longitudinal reinforcement (BSM-03 and BSM-04).While other beams which failed on flexural experienced by rupture of tensile longitudinal reinforcement or concrete crushing on the top of compression zone. For both beam types, the amount of flexural crack in case of beam with shorter shear span length less than that beam with longer shear span length. Also, the occurrence of diagonal shear crack was not clearly seen in the shear span zone. Fig. 4 clearly shows that the deflection of BGM beams is higher than that BSM beams, which this behaviour is attributed to the low modulus elasticity of GFRP bars that may influenced the stiffness of the beam significantly. It also indicates that lesser shear span-effective depth ratios and higher amount of longitudinal reinforcement significantly increase the experimental ultimate loads. On the other hand, because of higher tensile strength of GFRP bars, the capacity of BGM is slightly higher than BSM, except in the case of beams failed on shear (BGM-03 and BGM-04) which is in good agreement with other test results [21] . However, the characteristics of shear failure between GFRP and steel RC beams are similar.
In order to verify the design provision in the codes, the test results of BSM were compared with recommended design codes according to BS8110 as the values of concrete shear capacity, V c is given, The comparison between theoretical values and test results are shown in Fig. 5 . In Fig. 5(a) , it is shown that the calculated flexural capacities are considerably lower than that test results except for BGM-03 and BGM-04 (calculated using ACI 440.1R-06) which were slightly higher than test results and failed on shear. Moreover, Fig. 5(b) demonstrates that calculated shear capacity of the beams higher than test results except for beams which were failed on shear. This fact reveals that the shear failure was occurred in case of beams with lower stirrups ratio and shorter shear span length due to high intensity of shear force. On the other hand, flexural failure was occurred in case of beams with higher stirrups ratio and longer shear span length. Fig. 6 indicates the strain distribution between steel and GFRP reinforcement bars. It is clearly seen that the strain in BSM-02 (Fig. 6(a) ) exceeds the yield strain at the middle zone of the beam at failure.
While at the support, the strains are very low and stop to increase after bar yield. Unlike in BGM-02, the strains along 
BGM
the bar are continue to increase until the beam reach the failure load and significant amount of strain is clearly detect at the supports of the beam. It is confirm that the strain behavior of longitudinal reinforcement in beam reinforced with GFRP bars totally different to that beams with steel bars. The experimental results and analysis on 8 steel RC beams and 8 GFRP RC beams have been presented and discussed in this paper. As expected, all GFRP RC beams behaved linearly up until failure due to low plasticity in the reinforcement bars. In addition, the failure took place at large displacements compared to steel RC beams.
All the parameters chosen in the experimental programmed such as longitudinal reinforcement ratio, shear span length and stirrup ratios significantly affect the failure mode of the beam. In both types of beam, two modes of failure were observed which shows that shear failure occur in beam with low stirrup ratios and shorter shear span length. In contrast, flexural failure was occurred in case of beams with higher stirrups ratio and longer shear span length. Nevertheless, shear capacity of beams reinforced with GFRP bars is lower than that beams reinforced with steel bars which was also reveals from the calculated flexural capacities using ACI 440.1R-06.
The strain distribution along longitudinal reinforcement of beam reinforced with GFRP bars is totally different to that beam with steel bars. While, the strain on stirrups in beam reinforced with GFRP bars higher than that stirrups strain in beam reinforced with steel particularly in a beam with shorter shear span length.
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